Abstract-We present a miniaturized, dual-band patch antenna array element that is designed for use in a three-dimensional (3-D) microwave tomography system for breast imaging. Dual-band operation is achieved by manipulating the fundamental resonant mode of the patch antenna and one of its higher order modes. Miniaturization and tuning of the resonant frequencies are achieved by loading the antenna with nonradiating slots at strategic locations along the patch. This results in a compact, dual-band antenna with symmetric radiation patterns and similar radiation characteristics at both bands of operation. The performance of the antenna in a biocompatible immersion medium is verified experimentally.
I. INTRODUCTION

I
T IS CRUCIAL for clinicians around the world to have access to affordable, nonionizing, three-dimensional (3-D) tomographic and quantitative breast imaging tools that will aid them in screening women at higher risk for breast cancer [1] as well as monitoring changes in breast tissue in response to prevention and treatment protocols [2] . Recent investigations suggest that low-cost nonionizing microwave tomography is well suited for this type of imaging application (see, for example, [3] - [10] ). In microwave tomography, low-power microwave signals are transmitted into the breast tissue by an array of antennas, the scattered signals are measured, and the spatial distribution of the dielectric properties throughout the breast volume are estimated by solving an electromagnetic nonlinear inverse scattering problem. A study presented in [11] shows that the degree of ill-posedness of the inverse problem varies with the number and location of observations, the number of frequencies used, and the spatial resolution provided by the illuminating wavelengths. The antenna elements used in the sensor array have a direct impact on these factors and, thus, on the accuracy of microwave breast imaging.
Manuscript received February 13, 2010 The 3-D antenna array that surrounds the breast of a prone patient is ideally composed of a large number of elements to permit dense 3-D spatial sampling of scattered fields. Thus, each antenna element should occupy a very small footprint relative to the total surface area of the breast. In addition, it is advantageous for the miniaturized antennas to operate efficiently at multiple frequencies. Solving the inverse scattering problem at a single frequency poses inherent challenges because the stability and resolution of the imaging algorithm represent competing demands in choosing the frequency [12] . In contrast, the advantages of both lower and higher frequencies are retained with a multifrequency approach [13] . The use of a parametric model to reconstruct the frequency-dependent dielectric properties reduces the ill-posed nature of the inverse problem [14] and computational burden of the multifrequency algorithm [8] .
In particular, antenna elements that operate within the frequency range of 0.5-3.0 GHz are desired. Frequencies below and above this range are nonoptimal in terms of spatial resolution and penetration depth, respectively. In addition, the antenna needs to operate in an immersion medium that improves coupling efficiency of the low-power microwave signals into and out of the breast. Finally, the antenna design should not be so complex as to render it impractical to model in the reconstruction algorithm.
This letter reports a multifrequency miniaturized patch antenna array element designed for use in a 3-D microwave tomography system. Our proposed antenna, which has been specifically designed to meet the specifications described above, offers several advantages over what are arguably the most widely used radiating elements in microwave tomography, namely monopole and dipole antennas [6] , [9] , [15] , [16] . Monopoles and dipoles, as well as simple patches and slots, offer simplicity in terms of forward-problem modeling and may be impedance-matched across a wide bandwidth when immersed in a lossy medium. However, this broadening of the bandwidth is done through the addition of loss into the system and at the expense of reducing the radiation efficiency of the antenna over a large bandwidth [17] . Our rationale for using a multiband antenna stems in part from the expectation that the higher gain exhibited at the design frequencies will provide a higher signal-to-noise ratio and imaging sensitivity when immersed in a low-loss coupling medium. The planar design of our proposed antenna elements also offers several added benefits. The ground plane backing prevents undesired illumination of scatterers outside of the breast and thereby avoids environmental interference that can occur with omnidirectional radiators. Furthermore, the antenna characteristics are independent of the coaxial feed cables. This isolation increases 1536-1225/$26.00 © 2010 IEEE the accuracy of the antenna modeling required in the forward simulations of the inverse scattering algorithm, which we conduct using the finite-difference time-domain (FDTD) method (e.g., [10] ). The planar design and relatively large feature sizes of the proposed antenna contribute to its ease of modeling using FDTD.
II. ANTENNA DESIGN
The antenna is designed to operate in a biocompatible immersion medium comprised of safflower oil. We characterized the dielectric properties of the immersion medium over the frequency range of interest (0.5-3 GHz) using an Agilent 85070D dielectric probe kit and E8364 vector network analyzer (VNA). A single-pole Debye model was fit to the measured frequencydependent complex permittivity. The Debye model parameters obtained from the dielectric properties fit were used in preliminary simulations of the antenna, and then modified slightly within the range of experimental uncertainty of the probe to obtain the best fit between the antenna simulation and measurement data discussed further below. The resulting Debye parameters are as follows:
, and ps. Fig. 1 (solid lines in the top view) shows the topology of a slot-loaded patch antenna comprising two slots (length and width ) parallel to and near the radiating edges of the patch and a third slot (length and width ) located at the center of the patch. A simpler version of this antenna, consisting of a patch with only two slots near the edges, was studied in [18] and shown to have a dual-band response. In this simpler structure, the lower frequency of operation of the antenna is determined by the resonant frequency of the dominant mode of a rectangular patch antenna, while the upper operating frequency is determined by the resonant frequency of a perturbed higher order longitudinal mode . Adding these two slots to the radiating edges of a patch antenna does not significantly affect the dominant mode because they are located close the current minima; hence, is only slightly reduced [18] .
The addition of these two slots has a more significant effect on the higher order mode since they are located in regions where the current for that mode is significant. Consequently, the presence of these additional slots reduces . Another advantage of adding these slots is that the radiation patterns of the mode can be made similar to that of the mode by judicious choice of the dimensions and location of the slots. However, using the structure presented in [18] , the ratio between the two frequencies of operation can only be changed over a limited range of 1.6-2.0.
The addition of the third slot located at the center of the patch, where both modes have current maxima, as shown in Fig. 2 , overcomes this limitation and also further reduces the operating frequencies of the two bands. This slot modifies the current distribution of both the first and third modes and increases their electrical lengths, but does not have any effect on the second mode since the slot is located at the current minimum of this mode. Investigations of the effect of the center slot length reveal that as increases, and are decreased without any significant change on , the frequency of the mode. Further increase in the length of the center slot reduces until it merges with . This is not desired since the radiation pattern of the mode has a null in the broadside direction that results in minimum power transmission into the breast (compared to that of and modes), even though the input impedance of the antenna is well matched at this mode. We achieve further miniaturization by adding meandering slots at the nonradiating edges of the patch [19] . Fig. 1(b) shows the location of the meandered slots (dashed lines in the top view) on the miniaturized patch antenna. These slots cause the current paths of all longitudinal modes to be increased, thereby permitting a greater reduction in the length of the patch. Even though the location of the meandering slots does not affect the radiation pattern of the mode, they have a significant effect on the current distribution and the consequent radiation pattern of the third mode . Therefore, in order to increase the current path without disturbing the current distribution of the third mode, the meandering slots are added around the current minima shown in Fig. 2(b) . As the length of these four meandering slots increases, the two operating frequencies of the miniaturized patch antenna are reduced. The combined use of this miniaturization technique and the introduction of the center slot antenna allows this design to achieve dual-band operation with frequency ratios that can be as small as 1.0 or as large as 2.0. This is in sharp contrast to the design presented in [18] , for which a much smaller range of operation is obtained.
A summary of the design guidelines for the proposed antenna is as follows. The resonant frequencies of the three modes are affected by three factors: 1) the length of the slot added near the radiating edge, which mainly affects and ; 2) the length of the slot added at the center of the patch, which affects and only; and 3) the length of the meandering slots added to the nonradiating edges, which affects all three frequencies. By judicious choice of the length of each of these slots, the frequencies of these three modes as well as the spacing between them can be controlled.
Using CST Microwave Studio, we optimized the dimensions of the miniaturized patch antenna immersed in oil to achieve and within the 0.5-3.0 GHz frequency range of interest. The resulting physical dimensions are reported in the caption of Fig. 1. Fig. 3 shows the calculated reflection coefficient of the miniaturized patch antenna. The antenna exhibits a multiband response with , and resonances at 1.37, 1.95, and 2.90 GHz, respectively. Since the radiation pattern of the second mode has a null in the broadside direction, we focus our attention on the first and third modes only. The frequencies of these two modes of interest represent a reduction of 37% and 23%, respectively, relative to the slot-loaded patch antenna reported in [18] . In contrast to [19] , our miniaturized design maintains symmetry in the current distribution of both operating modes. This results in symmetric and similar radiation patterns as well as reduced cross polarizations.
III. MEASUREMENT AND EXPERIMENTAL VERIFICATION
We fabricated two prototypes of the dual-band miniaturized patch antenna described in the previous section and measured the reflection and transmission coefficients. Each antenna is patterned on 32-mil-thick RO4003 substrate (Rogers Corp.) and is probe-fed using the center conductor of an SMA connector. We immersed the fabricated antenna(s) in a 32 15 11 cm tank filled with safflower oil. The magnitude of the measured frequency response of the antenna is shown in Fig. 3 . Excellent agreement is observed between the simulated and measured reflection coefficients. The fabricated antenna shows multiple bands at 1.34, 1.93, and 2.87 GHz. The slight discrepancy (2% at most) with respect to the simulation results is primarily attributed to the inherent uncertainty in the electrical properties of the oil. Fig. 4 shows the measured transmission coefficient for a system of two miniaturized patch antennas separated by a distance of 10 cm in the oil. As expected, the system has transmission peaks at and . The transmission peak at is very low ( dB), confirming that the radiation pattern has a broadside null at this frequency. This second resonance is not useful for the intended application where a low-power microwave signal is transmitted. Here, we also observe excellent agreement between simulation and experiment.
We also characterized the radiation patterns of the miniaturized patch antenna immersed in oil. The measurements were taken at a distance of 15 cm from the patch. Fig. 5 shows the copolarized and cross-polarized radiation patterns in the E-and H-planes at 1.34 and 2.87 GHz. The measured cross-pol level is a minimum of 20 dB lower than co-pol at broadside for both frequencies. We observe better agreement between measurement and simulation in the co-pol radiation patterns than cross-pol. We attribute the greater cross-pol discrepancy to the fact that the very low cross-pol levels are more susceptible to measurement imperfections. As shown in Fig. 5 , the antenna exhibits symmetric and similar radiation patterns at the two operating frequencies.
IV. CONCLUSION
A design of dual-band, miniaturized patch antennas for microwave breast imaging was presented and experimentally verified. The dual-band response is obtained by exploiting the dominant mode, , and one of the higher order modes of the patch antenna, . Miniaturization is achieved by loading the patch antenna with a series of slots located not only near the radiating edges, as in the case of the dual-band slot-loaded patch [18] , but also in the center and along the nonradiating edges of the patch. Appropriate loading locations are chosen to ensure that only the desired resonant modes of the structure are affected and the structure's symmetry is maintained. This ensures that similar and symmetric radiation patterns at both bands of operation are obtained. Using this technique, the resonant frequencies of the and modes of the patch are respectively reduced by 37% and 23%, compared to a conventional dual-band, slot-loaded patch antenna. Two prototypes of this antenna were fabricated and verified experimentally in a biocompatible immersion medium. The measured results of these fabricated prototypes indicate that this structure is a suitable candidate as an array element for multifrequency microwave breast imaging where high signal-to-noise ratios are desired.
